Abstract Oxidative stress causes damage at the cellular level and activates a number of signaling pathways. Earlier, we have demonstrated that pollutant-related oxidative stress upregulates heat-shock protein 90 alpha (HSP90α) against stress insult in hepatocytes of Mugil cephalus living in a polluted estuary. However, the impact of pollution-induced HSP90α upregulation on stress tolerance is not clear. Here we propose that the effect of stress resistance depends on the ability of HSP90α to modulate the signaling pathways involving proteins such as apoptosis signal-regulating kinase 1, c-Jun NH 2 -terminal protein kinase 1/2, signal transducers and activators of transcription, extracellular signal-regulated kinase 1/2, protein kinase B, nuclear factor-kappa binding, Ets-like protein 1, and B cell lymphoma-2. In order to investigate this, the activation of HSP90α-associated signaling molecules was examined by Western blotting and immunohistochemistry. The relationship between the protein expression patterns was identified by Spearman's rank correlation analysis. The signaling proteins exhibited differential modulation as revealed from their expression patterns in pollutant-exposed fish hepatocytes, in comparison with the control fish hepatocytes. The results suggested that in spite of the prevalence of oxidative stress in pollutantexposed fish hepatocytes, the stress-mediated induction of HSP90α enabled the hepatocytes to become stress tolerant and to survive by modulating the actions of key proteins and kinases in the signal transduction pathways.
Introduction
Exposure of cells to a myriad of stressors such as heat, heavy metals, toxins, anoxia, and reactive oxygen metabolites triggers the heat-shock response, which is a potent mechanism for resisting stress. Many proteins that mediate this response are conserved throughout cellular history (Georgopoulos and Welch 1993) . The effector proteins of this response, stress proteins or heat-shock proteins, are remarkably conserved in the entire spectrum of organisms from bacteria to human cells. Heat-shock proteins (HSPs) play a number of roles in the cell and tissue physiology. The HSPs protect the proteome through their molecular chaperone function that permits them to recognize the damaged proteins and either channel such proteins into repair/folding pathways or to proteolysis. The 90-kDa heatshock protein, HSP90, is an abundant molecular chaperone participating in the cytoprotection of eukaryotic cells. It accounts for 1-2% of total proteins under basal, nonstressed conditions and is upregulated in cells in response to stressors, during which its abundance increases up to 4-6% of cellular proteins (Pratt 1998) . The inducible form of HSP90 is HSP90α that folds, stabilizes, and functionally regulates many cellular proteins in response to proteotoxic insults (Dias et al. 2005) . It is also required for the conformational maturation and/or stability of a range of "client" proteins, including the key mediators of signal transduction processes (Flandrin et al. 2008 ). HSP90α plays a greater generic role in cell survival and is implicated as an inhibitor of programmed cell death (Calderwood et al. 2006) . Cells have developed sophisticated mechanisms apart from the induction of heat-shock proteins in order to maintain homeostasis and/or try to cope with the excess of reactive oxygen species (ROS) produced during oxidative stress. Cells respond to oxidant injury through the activation of multiple signal transduction pathways that coordinate the various cellular responses.
The mitogen-activated protein kinase (MAPK) cascade is an important signaling pathway playing major roles in the regulation of intracellular metabolism and gene expression. It has a critical role in the adaptive responses to thermal, osmotic, and oxygen stresses (Kultz and Avila 2001) . Apoptosis signal-regulating kinase 1 (ASK1) is a 155-kDa ubiquitously expressed protein belonging to the member of mitogen-activated protein kinase kinase kinase, a serine-threonine protein kinase. It is activated in response to ROS, hydrogen peroxide, tumor necrosis factor (TNF), and other stress stimuli ). ASK1, a critical mediator in stress-induced cell death, is reported to activate c-Jun NH 2 -terminal kinase 1/2 (JNK1/2)-mediated apoptotic pathway (Hatai et al. 2000; Tobiume et al. 2001) . JNK1/2 is a SAPK that also belongs to the member of the MAPK superfamily responding to a variety of stress signals (Irving and Bamford 2002) . It is the downstream target of ASK1 and its activation favors pathways that lead to apoptosis.
The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway is the another important signaling mechanism that takes part in the regulation of cellular responses to a wide array of cytokines and growth factors. It transduces a multitude of signals for development and homeostasis in animals. This pathway transduces the signal carried by the extracellular polypeptides to the cell nucleus, where activated STAT proteins modify the gene expression.
Extracellular signal-regulated protein kinase (ERK) like JNK1/2 belongs to one of the subgroups of the MAPK superfamily. It is a serine/threonine kinase that mediates intracellular signal transduction in response to a variety of stimuli (Dou et al. 2005) . Activation of this pathway has a role in cell proliferation, development, differentiation, and cellular survival (Cowan and Storey 2003) . It has been shown that ERK1/2 is activated by hydrogen peroxide (H 2 O 2 ), a reactive oxygen metabolite apart from mitogens and growth factors (Abe et al. 1998) . Protein kinase B (Akt), also belonging to the serine-threonine-specific protein kinase family, is stimulated by a variety of receptors for growth factors, insulin, cytokines, and other signaling molecules. Akt is well characterized in growth and survival promoting cellular signals. Ets-like protein 1 (ELK1) is a member of the TCF subfamily of ETS-domain transcription factors (Sharrocks 2002; Shaw and Saxton 2003) . It functions as a nuclear transcriptional activator through its association with the serum response factor (SRF) on SREs present in the promoters of immediate-early genes (Wasylyk et al. 1998 ). B cell lymphoma-2 (Bcl-2) is a 25-kDa anti-apoptotic protein that has physiological roles protecting against diverse cytotoxic insults. It is a prosurvival protein involved in the control of apoptosis. It functions as ion channels, preventing mitochondrial disruption (Green and Reed 1998) . It maintains organelle integrity by preventing the release of cytochrome C from mitochondria. Nuclear factor-kappa binding (NF-κB) is a protein complex that controls the transcription of DNA. It is involved in the cellular response to stimuli such as stress, free radicals, cytokines, and ultraviolet radiation. Under non-stressed condition, this protein resides in the cytoplasm of most cells, associated with an inhibitory protein, inhibitor of NF-κB (IκB). NF-κB activation in response to a wide variety of stimuli occurs as a result of phosphorylation and proteolytic degradation of IκB by IκB kinase. This unmasks the nuclear localization signal of NF-κB, translocating it into the nucleus and regulating its gene expression.
Generally, ERK and Akt signaling pathways have been linked to NF-κB activation (Barradas et al. 1999; Faissner et al. 2006) , and a negative correlation has been evidenced between activations of JNK1/2 and NF-κB (Zhang et al. 2004) . Also, studies have demonstrated that ERK or Akt and JNK pathway activities oppose each other as a means of regulating apoptosis or survival (Friedman and Perrimon 2006) .
We have previously shown that Mugil cephalus inhabiting the polluted Ennore estuary in south India is exposed to severe cytotoxic environmental contaminants which cause the metal-induced oxidative/nitrative stress (Padmini and Usha Rani 2009) . However, hepatocytes of those fish, by upregulating HSP90α as an environmental adaptive strategy, resist stress (Padmini and Usha Rani 2010) . Because HSP90α is involved in important cellular functions such as maintenance of cytoarchitecture, differentiation, cytoprotection, and cellular integrity through the activation of several signaling proteins and kinases Bagatell et al. 2005) , this study investigated the hypothesis that oxidative stress tolerance and ability of fish to survive in a polluted estuary might be mediated by HSP90α and its associated signal transduction molecules. Hence, in order to establish the mechanism of stress tolerance, the potential role of signaling proteins associated with HSP90α was investigated by Western blotting and immunohistochemistry in response to stress exposure.
Materials and methods

Study sites
Two estuaries were chosen as the experimental sites for the present study. The Kovalam estuary (12°47′16 N, 80°14′58 E) is situated on the east coast of India and is about 35 km south of Chennai. It runs parallel to the sea coast and extends to a distance of 20 km. The temperature and salinity of this estuary ranged between 25°C and 28°C and 24-26 ppt, respectively. It was chosen as the control (unpolluted) site for the present investigation as it is surrounded by thick vegetation and it is free from industrial or urban pollution. The Ennore estuary (13°14′51 N, 80°19′31 E) also situated on the east coast of India and is about 15 km north of Chennai. It runs parallel to the sea coast and extends over a distance of 36 km. The temperature and salinity of this estuary ranged between 26°C and 30°C and 25-29 ppt, respectively. This estuary was chosen as the test (polluted) site as in its immediate coastal neighborhood situated are a number of industries which include petrochemicals, fertilizers, pesticides, oil refineries, rubber factories, and thermal power stations that discharge their effluents into this estuary. Contamination of the Ennore estuary by heavy metals including lead, cadmium, mercury, zinc, iron, etc. to a significant extent as compared to the Kovalam estuary has been confirmed by previous studies (Raghunathan and Srinivasan 1983; Padmini and Vijaya Geetha 2007) .
Study animal and sampling
Mugil cephalus (grey mullet), a natural inhabitant of the estuaries, using Food and Agriculture Organization (FAO) species identification sheets (Fischer and Bianchi 1984) was chosen as the experimental animal for the study. Grey mullets of average length of 30-32 cm were collected from multiple locations of both the control and pollutant-exposed estuaries using baited minnow traps throughout the year during the period December 2007-March 2010. Collected fish were placed immediately in insulated containers filled with aerated estuarine water at ambient temperature (25-30°C) and salinity (24-29 ppt). Fish were maintained in the above specified conditions for 4-5 h until the isolation of hepatocytes.
Hepatocyte isolation and cell viability assessment Hepatocytes were isolated by following Krumschnabel et al. (1994) and Buckley et al. (2004) with slight modification as described previously (Padmini and Usha Rani 2008) . The cell viability of hepatocyte preparations was assessed using trypan blue staining. As demonstrated earlier, cells from the pollutant-exposed site showed a significant decrease in their viability as compared to their control counterparts (Padmini and Usha Rani 2008) . Hence, cells with viability ≥94% and ≥82% from control and pollutant-exposed fish, respectively, were chosen for this study.
Whole cell extract preparation and subcellular fractionation Whole cell extract was prepared by suspending the cells in cell lysis buffer containing 20 mM Tris pH 7.5, 1% Triton X-100, 1 mM ethylenediamine tetraacetic acid (EDTA), 1 mM ethylene glycol-bis (2-aminoethyl)-tetraacetic acid (EGTA), 150 mM sodium chloride, 0.1% sodium dodecyl sulfate, 1 mM phenylmethyl sulfonylfluoride (PMSF), 5 mM sodium pyrophosphate, 2 mM sodium orthovanadate, and protease inhibitors (2 μg/ml pepstatin A, 1 μg/ml leupeptin). The cell suspension was incubated for 30 min at 4°C, with occasional shaking, or it was sonicated and centrifuged at 16,000×g for 10 min in a 4°C refrigerated microcentrifuge to remove the cellular debris. The supernatant was the whole cell lysate.
For examining the subcellular localization of signaling proteins, cytosolic fraction was prepared by suspending the cells in 20 mM Tris pH 7.5, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1% Triton X-100, 1 mM dithiothreitol (DTT), 0.5 mM PMSF, and 1 μg/ml leupeptin. The cell suspension was incubated for 10 min at 4°C followed by vortexing for 10 s. The sample was centrifuged at 13,000×g for 30 s in a 4°C refrigerated microcentrifuge. The supernatant was used as the cytosol fraction. The resulting pellets were resuspended in 20 mM Tris pH 7.5, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 0.4 M Nacl, 1 mM DTT, and 1 μg/ml leupeptin and agitated on ice for 20 min. The supernatant obtained by centrifugation at 13,000×g for 20 min at 4°C was used as the nuclear extract. The protein concentration of the extracts was determined by the classical method of Bradford (1976) with Coomassie brilliant blue G-250, using bovine serum albumin as a standard.
Protein immunoblotting analysis of HSP90α and signaling proteins
Western blotting protocol for the analysis of expression pattern of HSP90α and signaling proteins (ASK1, JNK1/2, STAT1α, STAT3, ERK1/2, Akt, ELK1, Bcl-2, and NF-κB) was performed according to the method of Towbin et al. (1979) . The whole procedure for all the proteins was performed simultaneously to analyze and compare their coexpression patterns in response to pollutant stress.
Equal amounts of protein (50 μg/lane) of whole cell lysate (HSP90α, ASK1, JNK1/2, ERK1/2, Akt, ELK1, and Bcl-2) and cytoplasmic and nuclear fractions (STAT1α, STAT3, and NF-κB) were separated by 10% SDS-PAGE using dual cool mini-vertical PAGE electrophoretic system according to the protocol described by Laemmli (1970) . Separated proteins were transferred to BioTrace polyvinylidene fluoride (PVDF) membrane of 0.45 μm pore size (Pall Corporation, East Hills, New York, USA) at 15 V for 90 min using alkaline buffer (48 mM Tris, 39 mM glycine, 0.037% w/v SDS, 20% v/v methanol, pH 8.3) and semi-dry blotting units (Cleaver Scientific Ltd., Rugby, UK). The PVDF blots were blocked with TBST (10 mM Tris, 150 mM NaCl, 1.54 mM sodium azide, 0.05% v/v Tween-20, pH 7.5) containing 5% w/v skimmed milk powder for 3 h, followed by two 5-min washes with TBST-3X and three 5-min washes with TBST-1X buffer. The blots were stained with antibodies against HSP90α (rabbit polyclonal (SPS-771); 1:1,000 dilution), ASK1 (rabbit polyclonal (AAP-480); 1:700 dilution), phospho JNK1/2 (rabbit polyclonal (KAP-SA011); 1:500 dilution), STAT1α (rabbit polyclonal (KAP-TF001); 1:1,000 dilution), STAT3 (rabbit polyclonal (905-554); 1:1,000 dilution), ERK1/2 (rabbit polyclonal (KAP-MA001); 1:1,000 dilution), phospho Akt (rabbit polyclonal (905-773-100); 1:1,000 dilution), phospho ELK1 (rabbit polyclonal (KAP-MA035); 1:1,000 dilution), Bcl-2 (anti-human Bcl-2 oncoprotein (AM287-5M); used without further dilution, protein concentration 10-15 mg/ml), and NF-κB (rabbit polyclonal (KAP-TF112); 1:500 dilution), with an anti-β-actin antibody (rabbit polyclonal (CSA-400); 1:1,000 dilution) being used to assess equal loading for overnight at 4°C. The blots were then washed as described above and incubated for 1 h in secondary anti-rabbit IgG antibodies coupled to alkaline phosphatase (GeNei, Bangalore, India) diluted 1:1,000 in TBST buffer. The final detection of immunoblotted proteins was accomplished by exposing the blots to a solution of BCIP-NBT substrate for 1-15 min. The band intensities were scanned with the HP scanners (hp psc 1310 series) and quantified using TotalLab image analysis software (Nonlinear dynamics, All Saints, UK). The results were expressed in terms of relative levels of Western blotted proteins which indicated the ratio obtained from the density of the band of interested protein expression standardized with that of the β-actin protein expression level.
Immunohistochemical analysis of signaling proteins
Fish liver tissue samples were fixed in 10% phosphatebuffered formaldehyde solution and embedded in paraffin. The formalin-fixed and paraffin-embedded tissue blocks of fish liver were then cut into 7-μm-thick sections, mounted onto poly-L-lysine-coated slides and stored under dry conditions until histologic analysis. The sections were deparaffinized in xylene, rehydrated in ethanol, and incubated in 3% H 2 O 2 in absolute methanol for 5 min in order to inhibit endogenous peroxidase activity. The sections were then rinsed in 0.05 M tris-buffered saline (TBS), pH 7.6, for 5 min. Antigen retrieval was performed by heat-treating sections in 0.01 mol/l citrate buffer (pH 6.0) at 95°C in a microwave oven for 5 min (3 cycles). To reduce non-specific binding, slides were incubated in 10% normal goat serum for 10 min at room temperature before 1-h incubation with antibodies against phospho JNK1/2 (1: 200 dilution), ERK1/2 (1:500 dilution), phospho Akt (1:200 dilution), phospho ELK1 (1:200 dilution), and Bcl-2 (used without further dilution, protein concentration 10-15 mg/ml) in a humidified chamber at 4°C. After rinsing with TBS, the procedure for the detection of these proteins includes sequential application of biotinylated secondary link antibodies and streptavidin-peroxidase conjugate and incubation at 4°C for 30 min in each of them. Peroxidase activity was detected using 0.1% H 2 O 2 in 3, 3′-diaminobenzidine solution applied to the tissue sections for 5 min. It was then counterstained with hematoxylin for 5 s before rinsing, dehydrating, and mounting with coverslips using xylene and DPX mountant. The immunohistochemical images acquired with Zeiss microscopes (Carl Zeiss Microimaging Inc, Thornwood, USA) were subjected to image analysis for the measurement of average staining intensity of signaling molecule to confirm the results.
Statistical analysis
Statistical analysis by Mann-Whitney U test was used to ascertain the significance of variations between the control and pollutant-exposed fish hepatocytes. All data were presented as mean. The relationship between variables was identified by Spearman's rank correlation analysis. Differences were considered significant at p<0.05.
Results
Levels of HSP90α protein increase in hepatocytes of pollutant-exposed fish
To examine the function of HSP90α in response to pollutant stress, its expression pattern was studied by Western blotting. As described earlier (Padmini and Usha Rani 2010), HSP90α protein levels were differentially expressed in control and pollutant-exposed fish hepatocytes (Fig. 1) . Oxidative stress mediated by the redox cycling property of environmental contaminants induces HSP90α synthesis (Padmini and Usha Rani 2008) . Therefore, the protein amount of HSP90α significantly increased (p < 0.05) in pollutant-exposed fish hepatocytes when compared to their control counterparts.
HSP90α induction inhibits apoptotic pathways by downregulating ASK1-JNK1/2 activation HSP90α is regarded as a protein with a potentially antiapoptotic function (Bagatell et al. 2005) . Protein immunoblotting analysis demonstrated modulation in the expression patterns of ASK1 and JNK1/2 during HSP90α induction. A significant induction of HSP90α was associated with an increase in the expression of ASK1 and JNK1/2 that was not significant in pollutant-exposed fish hepatocytes as compared to their control counterparts. The insignificant expression of ASK1 might be attributed to the proteinprotein interactions of ASK1 by HSP90α. As JNK1/2 is the downstream target of ASK1, the inhibition of ASK1 decreased the kinase activity of JNK1/2 (Fig. 2) . Immunohistochemistry also revealed a difference that was not statistically significant in the expression of JNK1/2 in the control and pollutant-exposed fish hepatocytes (Fig. 4) . Hence, HSP90α upregulation played a key role in modulating the ASK1 expression to the extent of inhibiting the JNK1/2 expression and thereby downregulated apoptosis in the pollutant-exposed fish hepatocytes. The results were very well in accordance with the Spearman's rank correlation analysis which demonstrated a nil linear relationship between the expression patterns of HSP90α and ASK1/JNK1/2 and a significant positive correlation between the activation of ASK1 and JNK1/2 (Table 1) .
Upregulation of HSP90α activates prosurvival pathways
HSP90α synthesis induces STAT activation in stressed fish hepatocytes
Western blotting studies revealed modulation of STAT levels during the HSP90α induction in the pollutant- β-Actin has been used as the loading control. A and B represent the control and pollutant-stressed hepatocytes, respectively and the table demonstrates the relative levels of the protein determined by densitometric analysis. Data are expressed as means ± SE (n=16 fish per estuary). NS, statistically not significant when compared with control hepatocytes stressed fish hepatocytes. STAT1α and STAT3 showed an enhanced activation as characterized by their translocation from the cytosol to the nucleus in the pollutant-stressed fish hepatocytes as compared to their control counterparts. In the control fish hepatocytes, STAT1α and STAT3 were detected mainly in the cytosol and their expression was less in the nuclear fraction (Fig. 3) . However, in pollutantstressed hepatocytes, STAT1α and STAT3 levels were considerably decreased in the cytosolic fraction, but increased in the nucleus (Fig. 3) . In support of the immunoblotting results, the immunohistochemical analysis revealed a positive STAT immunostaining in the tissues of both groups. Liver tissue of fish from the control site exhibited a diffuse cytoplasmic and nuclear distribution of STAT. However, an intense nuclear localization of STAT (activation) was observed in pollutant-stressed fish liver confirming the response of liver to pollutant stress (Fig. 4) . Spearman's rank correlation analysis in the whole hepatocyte lysates of pollutant-stressed fish also supported this finding by showing a significant and positive correlation between the HSP90α induction and STAT activation (Table 1) , suggesting a central role of HSP90α in the activation of STAT signaling.
ERK1/2 and Akt activations parallel HSP90α induction
ERK1/2 and Akt can be activated in response to oxidative stress and can play an important role in promoting cell survival (Ikeyama et al. 2002) . Hence, in the current study, ERK1/2 and Akt expressions were analyzed to study their influence on the survival in control and pollutant-stressed fish hepatocytes in response to the environmental pollutantmediated oxidative stress. ERK1/2 and Akt activities were assessed by immunoblotting using anti-ERK1/2 and antiphospho Akt antibodies. The results revealed a significant increase in the levels of phosphorylated ERK1 in the pollutant-stressed fish hepatocytes as compared to their control counterparts. The total protein level of ERK1/2 remained unchanged in both the control and pollutantstressed fish hepatocytes (Fig. 3) . Similarly, an enhanced Akt activation characterized by an increase in its phosphorylated form was also observed in the hepatocytes of pollutant-stressed fish (Fig. 3) . The activation of these survival proteins was further confirmed by immunohistochemistry. Liver tissue of both the control and pollutantstressed fish demonstrated the activation of ERK1/2 and Akt. However, the immunohistochemical stainings of active ERK1/2 and Akt visualized in pollutant-stressed fish liver tissue were more characterized by their intense immunostaining as compared to moderate and light immunostaining observed in the control fish liver tissue (Fig. 4 ). Spearman's rank correlation analysis also supported the latter finding by showing a significant and positive correlation between HSP90α induction and ERK1/2 or Akt activation (Table 1) .
ERK1/2 activation upregulates ELK1 expression pattern
As ELK1 is considered as one of the important cellular targets of ERK1/2 (Kim-Kaneyama et al. 2000) , its expression pattern was also examined as part of our analysis. A significant upregulation of p-ELK1 was observed during p-ERK1 induction in the pollutantstressed fish hepatocytes (Fig. 3) . Demonstration of p-ELK1 expression by immunohistochemistry also confirmed the Western blotting results showing an intense brown staining in the pollutant-stressed fish hepatocytes as compared to the moderate immunostaining observed in their control counterparts (Fig. 4) . Spearman's rank correlation analysis also agreed well with the current findings where a significant and positive correlation was observed between p-ERK1 and p-ELK1 levels (Table 1) . 
Active Akt induces Bcl-2 overexpression
Akt is a critical mediator of cell survival and is demonstrated to exert a cellular protective effect in response to stress Zhang et al. 2005) . To examine this observation with regard to its role in cell survival, the expression pattern of an anti-apoptotic protein, Bcl-2, which is believed to have an impact through Akt, was studied. A significant upregulation in Bcl-2 levels was observed during the Akt activation (Fig. 3) . Also, a positive and intense immunohistochemical staining of Bcl-2 in the pollutant-stressed fish liver tissue as compared to the moderate Bcl-2 immunostaining in their control counterpart confirmed the results (Fig. 4) . Furthermore, a positive correlation (p<0.05) observed between the Akt activation and Bcl-2 levels by Spearman's rank correlation analysis strengthened these findings (Table 1) .
(i) Expression patterns of STATs and NF-κB
NF-κB translocates from the cytosol to the nucleus in response to pollutant stress
Activation of the transcription factor NF-κB has an essential role in protecting the cells from apoptosis induced by a variety of stress stimuli, including TNFα, γ-irradiation, and certain chemotherapeutic agents (Baeuerle and Henkel 1994; Baichwal and Baeuerle 1997) . Because NF-κB is also known to be activated during oxidative stress (Dias et al. 2005; Wu et al. 2009 ), in the current study, its expression pattern was analyzed to determine its influence on the survival of pollutant-stressed hepatocytes. Together with ERK1/2, JNK1/2, and Akt, NF-κB activation was determined by using the immunoblotting in the hepatocyte cytosolic and nuclear fractions. Significant activation of ERK1/2 and Akt and statistically nonsignificant induction of JNK1/2 were associated with an enhanced NF-κB activation in the pollutant-stressed fish hepatocytes. In these hepatocytes as compared to their control counterparts, NF-κB levels significantly decreased in the cytoplasm, whereas its levels increased in the nucleus (Fig. 3 ). Spearman's rank correlation analysis also confirmed the latter finding suggesting a positive correlation between p-ERK1-NF-κB and p-Akt-NF-κB and a nil linear correlation between the activation of p-JNK1/2-NF-κB (Table 1) .
Discussion
Prevalence of oxidative stress has been demonstrated in hepatocytes of fish inhabiting the polluted Ennore estuary (Padmini and Usha Rani 2009) . The stress phenomenon characterized by an oxidant-antioxidant imbalance constitutes a major threat to organisms living in an aerobic environment. The cellular response to stress is complex often involving multiple signaling pathways that act in concert to influence cell survival. Many of the signaling pathways triggered in response to different types of stresses play important roles in protecting cells against the deleterious effect of ROS and promoting cell survival. The outcome of exposure of cells to stress under such conditions of the prevalence of survival pathways generally results in the development of a state of tolerance to subsequent exposure to stress (Gabai and Sherman 2002) . The key cellular responses to oxidative stress associated with survival mechanisms include the induction of the stress proteins (HSPs), activation of MAPKs, and modulation of expression of apoptosis regulators like Bcl-2 and NF-κB.
Induction of HSP90α synthesis by pollutant stress
HSP90α is a homologous molecular chaperone that plays an important protective role in protein folding processes in response to stress stimuli (Yu et al. 2008) . As demonstrated earlier (Padmini and Usha Rani 2010) , the results showed a significant upregulation of HSP90α protein in the pollutantstressed fish hepatocytes (Fig. 1) . The current study result is in accordance with the finding by Currie and Tufts (1997) who have demonstrated HSP70 induction in rainbow trout red blood cells in response to heat shock and anoxia. Iwama et al. (1998) and Vijayan et al. (1998) have also demonstrated induction of HSPs in response to aquatic contaminants. Studies that reported the induction of various HSP families in fish following exposure to various environmental stressors demonstrated a protective role of HSPs, also suggesting the use of the HSP response as an indicator of stress status in fish (Sherry 2003; .
HSP90α induction inhibits pollutant stress-mediated ASK1-JNK1/2 apoptotic signaling HSP90α is a chaperone essential for the maturation and stabilization of multiple client proteins. It is therefore associated with important cellular functions including cell proliferation and survival through chaperoning key proteins of the associated signaling pathways (Schoof et al. 2009 ). HSP90α blocks cell apoptosis by inhibiting the proapoptotic kinase, ASK1 (Zhang et al. 2005) . A direct association of HSP90α with ASK1 is reported to be critical for the regulation of ASK1 activity (Sato et al. 2000; Basso et al. 2002) . In accordance with these, the results of the current study indicated that HSP90α inhibited oxidative stress-induced ASK1 activation in the pollutant-stressed fish hepatocytes. HSP90α overexpression contributes to retain ASK1 in an inactive state, thereby inhibiting the stress-induced ASK1 signaling and hepatocyte apoptosis. JNK is the downstream target of ASK1, and its activation in response to stress stimuli is generally involved in the stress response (Deng et al. 2003) . Oxidative stress can upregulate JNK by activating its upstream kinase such as ASK1 (Shen and Liu 2006) . However, JNK activity is regulated during inhibition of ASK1 by its interacting partners (Saitoh et al. 1998; Kim et al. 2001) . These reports are again in accordance with the results of the current study where a statistically insignificant increase in JNK1/2 activation was observed in the pollutant-stressed fish hepatocytes as compared to their counterparts. HSP90α upregulated under stress associate with ASK1 and terminate ASK1-mediated JNK1/2 signaling cascades (Basso et al. 2002; Zhang et al. 2005) . HSP90α overexpression in the current study might be therefore responsible in part for the observed inhibition of the activities of the signaling molecules ASK1 and JNK1/2.
HSP90α upregulation favors prosurvival pathways via STAT, ERK1/2, Akt, ELK1, Bcl-2, and NF-κB signaling STAT activation and signaling facilitate hepatocyte survival JAK1/2, the upstream activator of STAT, is one of the important client proteins of HSP90 (Shang and Tomasi 2006) . Hence, JAK1/2 has been described to interact with HSP90 and could be involved in a sustained JAK-STAT signaling. Recently, HSP90 has also been reported to interact with STATs and this interaction is required for STAT phosphorylation, which further led to hypothesize that STAT1α and STAT3 may also act as a client of HSP90 (Shang and Tomasi 2006) . In accordance with these reports, the current study demonstrates that the upregulation of HSP90α and the activation of STAT are correlated, and HSP90α may play a role in mediating STAT activation. In line with these findings, it is demonstrated that inhibition of HSP90 could be associated with the interruption of permanent STAT activation (Schoof et al. 2009 ). Treatment of classical Hodgkin lymphoma cell line with 17-allylamino-17-demethoxygeldanamycin has led to reduced cell proliferation and a complete inhibition of STAT phosphorylations probably as a result of decreased expression of JAK protein. A decrease of STAT phosphorylations along with decreased cell proliferation of L428 cells is also evident after knock-down of HSP90 (Schoof et al. 2009 ). This study suggests that HSP90 is important for mediating STAT activation. Furthermore, it is reported that constitutive activation of NF-κB may promote the expression of IL-13 and therefore activation of STATs (Hinz et al. 2002) . The present study also demonstrated a positive (p<0.05) correlation between activation of STAT and NF-κB (Table 1) , characterized by their translocations from the cytosol to the nucleus in the pollutant-stressed fish hepatocytes.
HSP90α controls cell survival via ERK1/2 and Akt signaling
HSP90α plays an important role in facilitating the proper folding, maturation, and activity of its client proteins (Neckers 2002) . Hence, disruption of HSP90α function inhibits the interaction of this chaperone with its client proteins (Beck et al. 2009; Shen et al. 2009 ). Also, loss of protection provided by HSP90 facilitates their degradation (Dou et al. 2005) . HSP90α has been reported to regulate Raf, the upstream kinase of ERK1/2 in the Ras-Raf-MEK-ERK pathway (Schulte et al. 1995) . It is demonstrated to act as a molecular chaperone in late-phase activation of ERK1/2 stimulated by oxidative stress in vascular smooth muscle cells (Liu et al. 2007 ). Dou et al. (2005) have also reported inhibition of ERK1/2 activation during disruption of HSP90 function (Piatelli et al. 2002) . Similarly, Akt is a well-characterized client protein of HSP90 (Meares et al. 2004) . It is complexed with HSP90 and this interaction is necessary for this protein to perform various processes in cellular signaling (Sato et al. 2000; Fontana et al. 2002; Fujita et al. 2002) . Consequently, many reports have verified that Akt is downregulated, and Akt-dependent survival activities are suppressed following inhibition of HSP90 with geldanamycin (Basso et al. 2002; Doong et al. 2003; Meares et al. 2004 ). In accordance with these reports, a significant activation of ERK1/2 and Akt observed during HSP90α upregulation in the pollutant-stressed fish hepatocytes in the current study demonstrated the positive regulatory role of HSP90α on these prosurvival kinases. Our findings are supported by Dou et al. (2005) who have also reported that the extent of phosphorylation of ERK in primary neurons decreases after treatment with geldanamycin, while the total ERK protein does not change. This indirectly suggests the regulation of ERK activity by HSP90. A similar observation is reported by using transfection experiments where Akt activation parallels HSP90 induction and the formation of the Akt-HSP90 complex stabilizes Akt, protecting the cells from undergoing apoptosis (Sato et al. 2000) .
HSP90α-mediated ERK1/2 and Akt activations provide tolerance against pollutant stress ERK1/2 and Akt of the Ras/Raf/MAP kinase cascade and PI3K pathway are the two key prosurvival kinases implicated in influencing the cell survival in response to stress (Helmreich 2001) . They play important roles in regulating cell proliferation and preventing apoptosis (Kandel and Hay 1999) . A direct correlation between resistance to oxidative stress and activation of ERK1/2 or Akt has also been put forth by Ikeyama et al. (2002) . Consistent with this, the current study demonstrated an activation of ERK1/2 and Akt in the pollutant-stressed fish hepatocytes as compared to their control counterparts and revealed the prevalence of prosurvival mechanisms against environmental pollutantmediated oxidative stress. Reinforcing the view of the current finding, it has been shown that ERK and PI3K/Akt signaling pathways contribute to the survival of cells under H 2 O 2 treatment (Guyton et al. 1996; Wang et al. 2000) . Ikeyama et al. (2002) have also demonstrated loss of tolerance for oxidative stress with aging that is being linked with the diminished ERK and Akt activities.
ELK1 activation promotes survival of hepatocytes subjected to pollutant stress
Regulation of cell growth is dependent on a number of genes including proto-oncogene, growth factor, growth factor receptor, and immediate-early transcription factor gene (Demir and Kurnaz 2008) . ELK1 is known to be involved in the regulation of immediate-early genes such as c-fos upon mitogen activation and, thus commonly, is implied in cell proliferation (Demir and Kurnaz 2008) . It plays an important role in transducing extracellular signals to a nuclear response by acting as targets for the MAPK signaling pathways such as ERK1/2 and JNK1/2 (Sharrocks 2002) . The current study revealed enhanced ELK1 activation in the pollutant-stressed fish hepatocytes as compared to their control counterparts. Immunohistochemical analysis also demonstrated that in addition to its nuclear localization, ELK1 was distributed throughout the cytoplasm. This is in agreement with a previous reported study on ELK1 in neuronal cells (Barrett et al. 2006) . With regard to ELK1 regulation by ERK1/2 and JNK1/2, in the current study, a positive correlation was observed between ERK1/2-ELK1 activation and a negative correlation between JNK1/2-ELK1 activation. This is further supported by a report that ERK1/2 activation by mitogenic stimulation phosphorylates ELK1, thus increasing its affinity for the SRF and enhancing transcription of growth-related proteins (Aplin et al. 2001) . Also, the induction of c-fos expression through JNK-mediated ELK1 phosphorylation, which is demonstrated only in the presence of an insignificant increase in the levels of ERK1/2 (Cavigelli et al. 1995) , corroborates the current study results.
Bcl-2 upregulation is required for the inhibition of hepatocyte apoptosis
Bcl-2, an apoptosis suppressing protein, can inhibit apoptosis induced by a variety of stimuli including oxidative stress (Kaufmann et al. 2003) . This protein, under nonstressful conditions, forms complexes with a pro-apoptotic protein, BAD. Upon growth or survival stimuli, the interaction between these proteins is regulated primarily by Akt (Datta et al. 1997) . Akt phosphorylates BAD on a serine residue, which causes its release from the complex with Bcl-2, allowing the latter to perform its anti-apoptotic function . Recent studies have provided evidence suggesting that Bcl-2 exerts its antiapoptotic function through the suppression of the JNK signaling pathway (Park et al. 1997) . Park et al. (1996) have also demonstrated that Bcl-2 overexpression promotes survival by blocking JNK activation caused by withdrawal of nerve growth factor in PC12 cells. Hence, the current findings were in agreement with those mentioned above supporting that Bcl-2 upregulation was observed during increased Akt activation in pollutant-stressed fish hepatocytes demonstrating a significant and positive correlation between them. Also, the current study revealed marginal induction of JNK1/2 during Bcl-2 upregulation that supported the inverse relationship of Bcl-2 and JNK1/2 expression. This has been reinforced by other reports which show that the stimulation of cardiac myocytes with 0.2 mM H 2 O 2 induces apoptosis with a marked downregulation of Bcl-2 protein (Markou et al. 2009 ). Dunschede et al. (2008) have reported that Bcl-2 upregulation may protect against the postischemic burst of ROS and therefore suppresses apoptotic-related cell death. Oxidative stress-dependent upregulation of Bcl-2 expression has also been demonstrated in the central nervous system of aged rats (Kaufmann et al. 2003) . A cooperative control between Akt activation and Bcl-2 expression has been reported in capillary endothelial cells (Flusberg et al. 2001) . Pugazhenthi et al. (2000) have also defined upregulation of Bcl-2 expression as a novel anti-apoptotic function of Akt signaling. Several studies have also demonstrated the protective actions of Bcl-2 through inhibition of the JNK pathway, further suggesting that Bcl-2 acts downstream of JNK to regulate apoptosis (Goillot et al. 1997; Park et al. 1997; Wang et al. 1998 ).
NF-κB activation influences survival of stressed fish hepatocytes
NF-κB is a MAPK-regulated transcription factor known to be activated by oxidative stress. Under normal growth conditions, NF-κB is present in the cytoplasm in an inactive state and translocates from the cytosol to the nucleus upon activation by a wide variety of stimuli including the proinflammatory cytokine TNFα, oxidative stress, and bacterial and viral proteins (Ahn and Aggarwal 2005) . Bellas et al. (1997) have suggested that active NF-κB has an important role in the control of cell proliferation and survival. Inhibition of this protein activation results in increased susceptibility to apoptosis leading to cell death. During environmental contaminantmediated oxidative stress, enhanced activation of NF-κB characterized by its translocation from the cytosol to the nucleus was observed suggesting the prevalence of prosurvival mechanism mediated by NF-κB in pollutantstressed fish hepatocytes. The latter finding was similar to those reported in the hyperoxia model of oxidative stress, where a significant increase in NF-κB activation has been demonstrated (Li et al. 1997) . NF-κB in the cytosol is kept non-active through its interaction with one or more members of the IκB family of inhibitory proteins. Conversion of NF-κB to an active form requires the release of IκB. This is accomplished through the phosphorylation of IκB leading to its ubiquitination and degradation. The ERK signaling pathway has been associated with NF-κB activation through the finding that the ERK-regulated kinase p90-RSK can phosphorylate IκB, leading to its inactivation in response to mitogenic stimulation (Schouten et al. 1997) . The same pathway also downregulates the expression of PAR-4, an inhibitor of NF-κB activation (Barradas et al. 1999) . Akt activates NF-κB via regulating IKK, thus resulting in NF-κB-mediated transcription of prosurvival genes (Faissner et al. 2006) . In this regard, the current study is in agreement with the reported observations by others and demonstrated a significant and positive correlation between ERK1/2 or Akt and NF-κB activation, further suggesting the role of ERK1/ 2 and Akt activation signals in cell survival through NF-κB activation (Table 1) . However, on the other hand, with regard to JNK1/2, a negative correlation was observed between the activation of JNK1/2 and NF-κB (Table 1) in pollutant-stressed fish hepatocytes. This might be because of the marginal induction of JNK1/2 that was observed during the NF-κB activation. But the latter finding also suggested the preponderance of survival mechanism as it is in accordance with a recent finding which has reported that suppressed NF-κB and sustained JNK activation favor cellular events that lead to apoptosis and cell death (Zhang et al. 2004 ). Also, a negative correlation between ERK1/2 and JNK1/2 as observed in the current study was demonstrated to be critical for hepatocyte resistance to cell death, suggesting the possibility that the protective action of ERK1/2 was mediated by downregulation of JNK signaling (Singh and Czaja 2007) . The findings of the latter authors were further explained by the ability of ERK1/2 to induce expression of specific phosphatases that inactivate JNK with low levels of oxidative stress. Junttila et al. (2008) have also depicted the function of the ERK pathway as survival promoting, in essence by opposing the proapoptotic activity of the stress-activated JNK pathways. During apoptosis, the ERK-mediated survival signaling is inhibited through JNK-induced PP2A-mediated inhibition of MEK1, 2 (the upstream activator of ERK1/2). Similarly, active Akt in association with HSP90 is reported to inhibit pro-apoptotic kinase ASK1 activity. HSP90-Akt binds to and phosphorylates ASK1 at serine 83 to maintain ASK1 in an inactive state. Inhibition of HSP90 or PI3K-Akt signaling disrupts the HSP90-Akt-ASK1 complex leading to activation of ASK1 signaling (Zhang et al. 2005) . Consistent with these reports, the current study had shown a marginal induction of ASK1 during HSP90α induction, and Akt activation confirmed the inhibition of ASK1-mediated JNK activation. Hence, increased ERK1/2 phosphorylation and Akt-mediated NF-κB activation, together with slight induction of JNK1/2, influenced the survival of stressed fish hepatocytes.
Conclusion
In conclusion, under normal physiological conditions, MAPK cascades and other signaling pathways would function independently with no crosstalk between them, whereas an interplay between those pathways would be induced during situation of stress when signal strength exceeds the capacity of the pathway. The crosstalk observed between cellular mechanisms and signaling pathways in the current study in stressed fish hepatocytes might be due to an increase in the specific cellular responses against pollutant stress. Induction of HSP90α and activation of cell signaling pathways (STAT, ERK1/2, Akt, and NF-κB) regulated by HSP90α mediated the hepatocellular resistance to oxidative stress induced by environmental pollutants, facilitating their survival. At the same time, the HSP90α-Akt pathway apparently acted to downregulate ASK1, thus allowing the inhibition of ASK1-mediated JNK1/2 apoptotic signaling (Fig. 5) . Thus, a crosstalk between anti-and pro-apoptotic signaling pathways regulated by HSP90α modulate the balance between survival and death, ultimately favoring the shift towards oxidative stress tolerance and cellular survival. Hence, as a further advancement in signal transduction toxicology, it is conceivable from the current study that HSP90α induction stream effectors like Elk-1 activations and Bcl-2 upregulation, respectively. Activation of NF-κB by both the survival kinases also provides anti-apoptotic effect facilitating cellular survival. HSP90α-mediated Akt activation at the same time also acts to downregulate ASK1 allowing inhibition of ASK1-mediated JNK1/2 apoptotic signaling. Thus, HSP90α by modulating a series of signaling cascades protects against apoptosis and promotes hepatocyte survival in fish hepatocytes in response to pollutant stress might have provided an adaptative strategy by favoring the signal transduction mechanisms that worked towards survival (STAT, ERK1/2-ELK1, Akt-Bcl-2, and NF-κB signaling) and against apoptosis (ASK1-JNK1/2 signaling).
